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(54) System and method of measuring and controlling temperature of optical fiber tip in a laser 
system 



(57) A system and method of sensing temperature 
at an optical fiber tip, including the steps of positioning 
a slug of fluorescent material adjacent the optical fiber 
tip, providing an optical stimulus having a wavelength 
within a first predetermined range through at least one 
fiber optically linked to the optical fiber tip, wherein a 
desired optical fluorescent response having a wave- 
length within a second predetermined range from the 
fluorescent slug is generated, detecting a signal repre- 
sentative of the optical stimulus, detecting a signal rep- 
resentative of the optical fluorescent response, digitally 



processing the optical stimulus signal and the optical flu- 
orescent response signal to determine a phase differ- 
ence therebetween, and calculating a temperature for 
the optical fiber tip as a function of the phase difference. 
The phase difference between the optical stimulus sig- 
nal and the optical fluorescent response signal may be 
determined directly or indirectly as a function of the 
phase difference between a reference signal and the op- 
tical stimulus signal and the phase difference between 
the reference signal and the optical fluorescent re- 
sponse signal. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a laser system 
for transferring energy to tissue during medical treat- 
ment procedures and, more particularly, to a system and 
method of measuring and controlling temperature of an 
optical fiber tip forthe laser treatment system during op- 
eration. 

[0002] It is well known that energy generators in the 
form of lasers have been utilized to treat many disease 
states, including cancer, tumors, and benign prostatic 
hyperplasia (BPH). During the course of such treat- 
ments, one parameter which has great importance is the 
temperature of the tissue being treated. For example, 
the current recommendation for forming lesions in the 
prostate as a treatment for BPH is to heat a small volume 
of tissue to 85°C for approximately three minutes. It will 
be appreciated that heating the tissue at a lesser tem- 
perature has the effect of incomplete lesion formation, 
while heating the tissue at a higher temperature can 
cause excessive tissue damage. Accordingly, the ability 
-to aceuratelymeasure the temperature of the optical fibb- 
er tip during treatment, as well as control the power out- 
put of the laser to maintain the temperature at a desired 
level, is of primary concern. 

[0003] It will be understood that there are several 
known ways of performing the temperature monitoring 
function for a laser system. One approach has been uti- 
lized in a laser treatment system known as the "Indigo 
830e Laseroptic Treatment System" manufactured by 
Ethicon EndoSurgery, Inc. of Cincinnati, Ohio, which is 
also the assignee of the present invention. This ap- 
proach involves relying upon the temperature depend- 
ence of the fluorescent response of a slug of material at 
the fiber tip to an optical stimulus. More specifically, a 
pulse of pump energy causes a fluorescence pulse in 
an alexandrite slug which is delayed by a time interval 
corresponding to a temperature of the material. By pro- 
viding the stimulus signal in the form of a sinusoid, the 
response signal is likewise a sinusoid and the temper- 
ature is related to the phase shift or difference therebe- 
tween. 

[0004] The signals which are compared in the 830e 
laser treatment system are the actual response or fluo- 
rescent signal from the alexandrite and a pair of timing 
signals (shifted 0° and 90° in phase) which are pro- 
grammed in its electronics. In this way, digital timing sig- 
nals are used to strip phase information from the re- 
sponse signal. It has been found, however, that several 
adjustments and calibrations are required under this ap- 
proach due to the chain of amplifiers and filters involved. 
This not only adds complexity and cost to the set-up and 
maintenance of such systems, but creates an inherent 
. variability between each laser treatment system that 
must be accommodated during manufacture and serv- 
ice. 



[0005] Accordingly, it would be desirable for a system 
and method to be developed in which temperature of an 
optical fiber tip used with a laser device during treatment 
is able to be measured and controlled in a manner which 
5 minimizes the adjustments and calibrations required, 
improves the stability and repeatability between laser 
systems, and reduces complexity and cost. 



BRIEF SUMMARY OF THE INVENTION 
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[0006] In accordance with one aspect of the present 
inventions method of sensing temperature at an optical 
fiber tip is disclosed as including the steps of positioning 
a slug of fluorescent material adjacent the optical fiber 
15 tip, providing an optical stimulus having a wavelength 
within a first predetermined range through at least one 
fiber optically linked to the optical fiber tip, wherein a 
desired optical fluorescent response having a wave- 
length within a second predetermined range from the 
20 fluorescent slug is generated, detecting a signal repre- 
sentative of the optical stimulus, detecting a signal rep- 
resentative of the optical fluorescent response, digitally 
processing the optical stimulus signal and the optical flu- 
orescentTesponse'signalto"determine~a"phase"differ- 



25 ence therebetween, and calculating a temperature for 
the optical fiber tip as a function of the phase difference. 
The phase difference between the optical stimulus sig- 
nal and the optical fluorescent response signal may be 
determined directly or indirectly as a function of the 

30 phase difference between a reference signal and the op- 
tical stimulus signal and the phase difference between 
the reference signal and the optical fluorescent re- 
sponse signal. 

[0007] In accordance with a second aspect of the 

35 present invention, a laser treatment system is disclosed 
as including a laser for providing a laser beam having a 
wavelength within a first predetermined range, at least 
one optical fiber having a first end in communication with 
the laser beam and a second end through which the la- 

40 ser beam is transmitted, a slug of fluorescent material 
positioned adjacent the second end of the optical fiber, 
a light source for providing an optical stimulus having a 
wavelength within a second predetermined range to the 
fluorescent slug, wherein a desired optical fluorescent 

45 response having a wavelength within a third predeter- 
mined range from the fluorescent slug is generated, a 
detector for detecting the optical fluorescent response, 
a device for receiving a first signal representative of the 
optical stimulus and a second signal representative of 

so the optical fluorescent response, and a processor for de- 
termining a phase difference between the first and sec- 
ond signals, wherein the temperature of the optical fiber 
second end is determined as a function of the phase 
difference. 

55 [0008] In accordance with a third aspect of the inven- 
tion, an optical thermometry system is disclosed as in- 
cluding an optical fiber having a first end for receiving 
light and a second end for transmitting light, a slug of 
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fluorescent material positioned adjacent the optical fiber 
second end, a light source for providing an optical stim- 
ulus through the optical fiber to the fluorescent slug in 
order to generate a desired optical fluorescent response 
therefrom, a detector for detecting the optical fluores- 5 
cent response, a device for receiving a first signal rep- 
resentative of the optical stimulus and a second signal 
representative of the optical fluorescent response, and 
a processor to determine the phase difference between 
the first and second signals. to 
[0009] In accordance with a fourth aspect of the in- 
vention, a method of maintaining temperature of an op- 
tical fiber tip in a laser system within a specified range 
is disclosed as including the steps of positioning a slug 
of fluorescent material adjacent the optical fiber tip, pro- is 
viding an optical stimulus through at least one fiber op- 
tically linked to the optical fiber tip, wherein a desired 
optical fluorescent response from the fluorescent slug 
is generated, detecting a signal representative of the op- 
tical stimulus, detecting a signal representative of the 20 
optical fluorescent response, digitally processing the 
optical stimulus signal and the optical fluorescent re- 
sponse signal to determine a temperature forthe optical 
-fiber-tip-as-a^function-of-a-phase-difference-therebe 
tween, comparing the determined temperature for the 25 
optical fiber tip to the specified range, and modifying 
power output of the laser system as necessary to main- 
tain temperature of the optical fiber tip within the spec- 
ified range. 

[0010] In accordance with a fifth aspect of the inven- 30 
tion, a method of maintaining temperature of an optical 
fiber tip in a laser system at a desired temperature is 
disclosed as including the steps of processing specified 
light signals to determine a temperature for the optical 
fiber tip as a function thereof, comparing the determined 35 
temperature for the optical fiber tip to the desired tem- 
perature, generating an error signal as a function of any 
difference between the determined temperature and the 
desired temperature, and controlling power output to a 
laser diode of the laser system . in accordance with the *o 
error signal. 

[001 1] In accordance with a sixth aspect of the inven- 
tion, a system for maintaining temperature of an optical 
fiber tip in a laser system at a desired temperature is 
disclosed, wherein the laser system includes a laser di- 45 
ode for providing a laser beam to the optical fiber tip. 
The system includes a processor for determining a tem- 
perature for the optical fiber tip as a function of specified 
light signals detected in the laser system, a power am- 
plifier for supplying power to the laserdiode, and a con- 50 
trailer for providing a power output signal to the power 
amplifier, where the controller contains an algorithm for 
calculating the power output signal which is a function 
of an error signal generated by a comparison of the de- 
termined temperature and the desired temperature. 55 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] While the specification concludes with claims 
particularly pointing out and distinctly claiming the 
present invention, it is believed that the same will be bet- 
ter understood from the following description taken in 
conjunction with the accompanying drawings in which: 

Fig. 1 is an isometric view of the laser treatment sys- 
tem of the present invention; 

Fig. 2 is an isometric view of the laser treatment sys- 
tem depicted in Figure 1, where the housing has 
been removed to enable viewing of a controller 
board and the exterior of an optical bench therein; 

Fig. 3 is an enlarged, partial section view of an op- 
tical fiber utilized with the laser treatment system 
shown generally in Figure 1 ; 

Fig. 4 is a section view of the optical bench depicted 
in Fig. 2, where the steering optics therein are po- 
sitioned so as to allow a pair of laser beams to pass 
-through-the optical bench andinto-the optical-fiber; 

Fig. 5 is an isometric view of the optical bench de- 
picted in Figs. 2 and 4, where a connect block and 
a sensor board are shown as interfacing therewith; 

Fig. 6 is a circuit diagram of an optical thermometry 
system utilized by the laser treatment system de- 
picted in Fig. 1 in accordance with the present in- 
vention; 

Fig. 7 is a timing diagram of the reference, stimulus, 
response and calibrating signals depicted in Fig. 6; 

Fig. 8 is a top view of the optical bench depicted in 
Figs. 2, 4 and 5; 

Fig. 9 is a schematic block "diagram of circuitry in 
the laser treatment system utilized to maintain a de- 
sired temperature of the optical fiber tip in accord- 
ance with the present invention; and, 

Fig. 10 is a schematic block diagram of a controller 
utilized with the main processor shown in Fig. 9 to 
maintain the optical fiber within a desired tempera- 
ture range. 

DETAILED DESCRIPTION OF THE INVENTION 

[0013] Referring now to the drawings in detail, where- 
in identical numerals indicate the same elements 
throughout the figures, Fig. 1 depicts a laser treatment 
system 10 for transferring energy to human tissue by 
means of light from an optical fiber 20. A first laser diode 
12 is provided in laser treatment system 10 (see Fig. 9) 
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to produce a first laser beam 14 having a predetermined 
power (preferably in a range of approximately 2-20 
watts) and a predetermined wavelength (preferably in a 
range of approximately 800-850 nanometers) useful for 
the medical treatment of disease. As further seen in Fig. 
1, a connect block 16 is located within a front portion of 
a housing 18 for laser treatment system 10. Connect 
block 16 assists first laser beam 14 in being optically 
linked with a first end 22 of optical fiber 20 via a connec- 
tor 24 so that first laser beam 14 can be transmitted from 
a second end (or tip) 26 of optical fiber 20. 
[0014] Fig. 2 depicts laser treatment system 10 with 
housing 18 removed so as to expose a controller board 
28. It will be appreciated that, among other components, 
controller board 28 includes a main processor 30 which 
receives and processes electronic signals to control the 
operation of laser treatment system 10. It is preferred 
that a digital signal processor 32 be provided on con- 
troller board 28 solely to calculate the phase difference 
between signals (as explained in greater detail herein- 
below). Accordingly, digital signal processor 32 is seri- 
ally interfaced with main processor 30, which also func- 
tions to process signals relating to such phase differ- 
ence Jn-order-to^etermine4he4emperature-of^ 
fiber tip 26. It will be appreciated, then, that main proc- 
essor 30 and digital signal processor 32 work in concert 
while in the appropriate laser operating mode to assure 
that the necessary power is provided to laser diode 12 
so that optical fiber tip 26 is maintained at the desired 
temperature during treatment. Laser treatment system 
10 also includes an optical bench, identified generally 
by reference numeral 34, in order to direct first laser 
beam 14 into optical communication with optical fiber 
first end 22 during operation. 

[0015] Fig. 3 depicts a partial section view of optical 
fiber 20, which preferably is constructed in accordance 
with a patent application entitled "Optical Fiber Including 
A Diffuser Portion And Continuous Sleeve For The 
Transmission Of Light," Serial No. 09/785,571, owned 
by the assignee of the present invention and hereby in- 
corporated by reference. As seen in Fig. 3, a central sil- 
ica core 36 is preferably provided and includes a circum- 
ferential fluoropolymer cladding 38 and an outer buffer 
layer 40 (e.g., Tefzel) therearound. It will be understood 
that cladding 38 and outer buffer layer 40 each provide 
mechanical support to core 36 and have a lower index 
of refraction than core 36. In this way, cladding 38 and 
outer buffer layer are able to block light from emerging 
out of core 36. Optical fiber 20 further includes a sleeve 
42, preferably made of perflouroalkoxy (PFA) com- 
pounded with barium sulfate particles, which is optically 
and mechanically coupled to core 36 by a layer 44 of 
UV curable optical adhesive. This is best seen in a dif- 
fuser portion 46 of optical fiber 20, where cladding 38 
and outer buffer layer 40 have been removed so that 
light from first laser beam 14 transmitted through core 
36 may be conducted from adhesive layer 44 through 
sleeve 42 and scattered into tissue during a medical 



treatment. 

[0016] It will further be seen that a slug 48 of fluores- 
cent material is positioned within an annulus 50 adjacent 
a downstream end of diffuser portion 46 so that any light 
5 from first laser beam 14 not exiting diffuser portion 46 
exits through the end of core 36 and is scattered and 
reflected back into core 36. Fluorescent slug 48 also 
functions as an optical temperature sensor and prefer- 
ably is within a class of materials consisting of chromi- 
10 um-doped garnets (e.g., alexandrite, ruby, and emer- 
ald), semiconductor-doped glasses (e.g., Schott RG 
665 filter glass manufactured and sold by Schott Glass 
Co. of Yonkers, New York), phosphors, or other temper- 
ature dependent fluorescent materials. In this way, flu- 
15 orescent slug 48 is able to receive an optical stimulus 
from a light source having a first wavelength and gen- 
erate an optical fluorescent response at a second wave- 
length, where the wavelength of the optical stimulus and 
the optical fluorescent response are different from that 
20 of first laser beam 14. In this regard, it is preferred that 
fluorescent slug 48 be substantially transparent to the 
wavelength of first laser beam 14 from laser diode 12 
so as not to affect its use in treating tissue. A penetrating 

tip-52-is-then attached to annulus 50-in-orderto assist 

25 in medical treatments. 

[001 7] Turning to optical bench 34, it will be seen from 
Figs. 4 and 5 that the path of first laser beam 14 enters 
optical bench 34 from an optical fiber 13 in optical com- 
munication with first laser diode 12. Optical fiber 13 is 
30 positioned within a connector 35 in optical bench 34 to 
assure proper alignment. First laser beam 14 is trans- 
mitted through a beam collimator 54 containing a lens 
56 and is preferably directed toward a total internal re- 
flection (TIR) prism 58 mounted to a housing 60 for op- 
35 tical bench 34. First laser beam 14 preferably reflects 
off TIR prism 58 and is received by a first beamsplitter 
62, which reflects first laser beam 14 toward a second 
beamsplitter 64. First laser beam 14 is then reflected 
from second beamsplitter 64 through an output beam 
40 lens assembly 66 and an output lens 68 therein so as 
to place first laser beam 14 in optical communication 
with optical fiber first end 22 via connector 24. It will be 
appreciated that a small percentage of first laser beam 
14 (identified by reference numeral 15) is preferably 
45 transmitted by first beamsplitter 62 to a laser power de- 
tector 70 by means of a turning mirror 72 so that the 
power output of first laser beam 14 can be monitored. 
Further explanation of first beamsplitter 62, laser power 
detector 70, and laser beam 15 is provided in a related 
50 patent application filed concurrently herewith entitled 
"Apparatus And Method Of Monitoring And Controlling 
Power Output Of A Laser System," having Serial No. 
-/—,—, which is owned by the assignee of the present 
invention and hereby incorporated by reference. Of 
55 course, various filters may be employed to better isolate 
and attenuate the wavelength of light provided by first 
laser beam 14, as exemplified by filter 74, correction fil- 
ter 76, and neutral density filter 78. 
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[0018] Similarly, a second laser diode 80 (see Fig. 9) 
preferably provides a second laser beam 82, also known 
herein as a marker laser beam, to optical bench 34 by 
means of an optical fiber 81. Optical fiber 81 is posi- 
tioned within a connector 85 in optical bench 34 to as- 5 
sure proper alignment. Second laser beam 82 is trans- 
mitted through a marker beam collimator 84, a marker 
lens 86, and a marker filter 87 attached to optical bench 
housing 60. Marker laser beam 82 preferably has a pre- 
determined power (preferably in a range of approxi- 10 
mately 0.5-2 milliwatts) and a predetermined wave- 
length (preferably in a range of approximately 600-650 
nanometers). It will be appreciated that marker laser 
beam 82, which is preferably time modulated as a sinu- 
soidal signal, is used as the light source to optically stim- is 
ulate fluorescent slug 48 in optical fiber 20 so as to gen- 
erate a desired optical fluorescent response therefrom. 
In order to place marker laser beam 82 in optical com- 
munication with optical fiber first end 22 via connector 
24, it is directed toward a first laser turning mirror 88 20 
which reflects it to a second laser turning mirror 90. 
Marker laser beam 82 then impacts first beamsplitter 62, 
which transmits most of marker laser beam 82 (as a 

function of itswavelength) so that it passes therethrough 

to second beamsplitter 64. Marker laser beam 82 then 25 
reflects off second beamsplitter 64 and through output 
beam lens assembly 66 and output lens 68. Accordingly, 
both first (treatment) laser beam 14 and second (mark- 
er) laser beam 82 are routed from first beamsplitter 62 
to second beamsplitter 64, as indicated by reference nu- 30 
meral 92, into first end 22 of optical fiber 20 during nor- 
mal operation of laser treatment system 10. 
[0019] It will be appreciated that marker laser beam 
82 provides, an optical stimulus to fluorescent slug 48, 
which absorbs the energy of marker laser beam 82 and 35 
fluoresces in response thereto. The time delay from 
stimulation of fluorescent slug 48 by marker laser beam 
82 to the fluorescence of fluorescent slug 48 is a function 
of the temperature of optical fiber second end 26 and 
can be measured and used to calculate such tempera- *o 
ture. The optical fluorescent response, indicated by ref- 
erence numeral 94, is transmitted back through optical 
fiber 20 and out optical fiber first end 22 into optical 
bench 34. Optical fluorescent response 94 preferably 
has extremely low power (in a range of approximately 
5-100 nanowatts) and has a preferred wavelength of ap- 
proximately 680-780 nanometers. Optical fluorescent . 
response 94 then passes through output lens 68 and 
output beam lens assembly 66 to second beamsplitter 
64. Second beamsplitter 64 is constructed so that opti- 50 
cal fluorescent response 94 is transmitted therethrough 
to a signal filter set 96, which functions to block most of 
any reflected marker and treatment light. The remaining 
signal, filtered to pass only the fluorescent and black- 
body wavelengths, passes through a focussing lens 98 55 
held together with signal filter set 96 in a signal optical 
assembly 99 and onto a fluorescence/blackbody detec- 
tor 100. 



[0020] It will be seen that a sensor board 102 is pro- 
vided adjacent to optical bench housing 60 so as to in- 
terface with fluorescence/blackbody detector 100 and 
laser power detector 70. In particular, it will be appreci- 
ated that circuitry on sensor board 102 amplifies and 
conditions the outputs from detectors 70 and 100. Sen- 
sor board 102 is also connected to and communicates 
with controller board 28 in order to calculate the temper- 
ature of optical fiber second end 26, sense blackbody 
signals and measure the optical output power of first la- 
ser beam 14. 

[0021] In orderto sense and maintain the temperature 
of optical fiber second end 22, an optical thermometry 
system in accordance with the present invention is pro- 
vided as part of laser treatment system 10. More spe- 
cifically, Fig. 6 depicts a device 104, such as a coder/ 
decoder (CODEC), located on controller board 28 as be- 
ing utilized to provide a sinusoidal reference signal 106 
(see Fig. 7) to a marker drive 108 for second laserdiode 
80 so that the optical stimulus provided by marker laser 
beam 82 and the optical fluorescent response 94 from 
fluorescent slug 48 are sinusoids having substantially 
the same frequency. Of course, device 104 includes the 
-necessary digital-to-analog-converter to provideTnarker- 
drive 108 the appropriate signal. 
[0022] It will be appreciated that device 104 also re- 
ceives analog signals 110 and 112 which are represent- 
ative of the optical stimulus from marker laser beam 82 
and optical fluorescent response 94 from detector 1 00. 
Device 104 also includes analog-to-digital converters 
therein for transforming signals 110 and 112. Circuitry 
is provided on controller board 28 for controlling the 
power of second laser diode 80 and thus keep signal 
110 substantially constant. More specifically, a potenti- 
ometer 114 and an amplifier 116 function to set the op- 
tical powerof marker laser beam 82 and control the level 
for signal 110 within a specified range. Similarly, signal 
94 is amplified and filtered by an amplifier 118 and a 
filter 120, respectively, located on sensor board 102 to 
facilitate processing of signal 112 by digital signal proc- 
essor 32. A second amplifier 122 is also preferably lo- 
cated on controller board 28 and serves to further am- 
plify the filtered signal prior to receipt by device 104. 
[0023] It will be appreciated that elements other than 
fluorescent slug 48 (i.e., amplifier 118, filter 120, and 
amplifier 122) may influence optical fluorescent signal 
112 and its phase shift 128 with respect to optical stim- 
ulus signal 1 1 0. Phase shift 1 28 is depicted in the figures 
as the change in time between two sinusoids of the 
same frequency. Accordingly, a calibration scheme has 
been developed to calculate the effects on optical fluo- 
rescent signal 112. In particular, it will be seen in Fig. 8 
that a port 130 is provided in a top portion 132 of optical 
bench housing 60. This permits an optical fiber to be 
inserted therein which is in optical communication with 
marker laser beam 82 via connector 24. In this way, 
marker laser beam 82 is directed on detector 100 with- 
out passing through signal filter set 96 so that the inher- 



9 



EP 1 265 059 A2 



10 



ent phase shift of the aforementioned elements can be 
measured and subtracted from optical fluorescent sig- 
nal 112 (see calibrating signal 111 and the inherent 
phase shift with optical stimulus signal 110 denoted by 
reference numeral 125 in Fig. 7). This is also depicted 
schematically in Fig. 6 by feedback loop 138 where op- 
tical stimulus signal 110 bypasses fluorescent slug 48 
and is provided directly to detector 100. In this way, op- 
eration of all laser treatment systems 10 can be normal- 
ized regardless of variability between components. 
[0024] An alternative calibration scheme would be to 
provide an optical fiber plug-in including a fluorescent 
part therewith (not shown), where the fluorescent part 
has a very quick fluorescence at substantially the same 
wavelength as optical fluorescent signal 112 and can be 
inserted into connector 24 instead of optical fiber 20. It 
will be appreciated that an exemplary fluorescent is 
available through Labsphere, Inc. of North Sutton, New 
Hampshire. Accordingly, marker laser beam 82 is pro- 
vided to the fluorescent and an optical fluorescent re- 
sponse signal is emitted therefrom to detector 100 as 
described above with respect to fluorescent slug 48. 
This signal is then quantified and utilized to subtract out 

any-inherent phase shift in-optical fluorescent-response - 

signal 112 received by device 104. 
[0025] The phase difference processing of signals 
110 and 112 is preferably performed by digital signal 
processor 32, which then sends the appropriate signals 
to main processor 30 for calculation of the temperature 
for optical fiber second end 26 as a function of such 
phase (i.e., by means of a polynomial algorithm of at 
least the third order and preferably of the fifth order). Of 
course, such signals 110 and 112 will take into account 
the calibration of laser treatment system 1 0 and inherent 
phase shift 1 25 described hereinabove. While the phase 
difference between signals 110 and 112 may be deter- 
mined directly, it has been found preferable to utilize ref- 
erence signal 106 provided by device 104 to drive 108. 
Accordingly, as seen in Fig. 7, a first phase difference 
124 between reference signal 106 and optical stimulus 
signal 110 and a second phase difference 126 between 
reference signal 106 and optical fluoroluminescent sig- 
nal 112 is determined, with the difference between first 
and second phase differences 124 and 126 being equiv- 
alent to an overall phase difference 128 between optical 
stimulus signal 110 and optical fluorescent signal 112. 
[0026] Besides merely calculating the temperature of 
optical fiber second end 26, however, laser treatment 
system 10 also functions to utilize such information in 
order to maintain a desired temperature there and in the 
adjacent tissue. This is accomplished by monitoring 
such temperature and providing the necessary power 
adjustments to first laser beam 14 as necessary. As 
seen in Fig. 9, a temperature set point 140 indicative of 
the desired temperature is provided to a summing de- 
vice 142. A feedback signal 144 from main processor 
30 is also provided to summing device 142 indicating 
the current sensed temperature of optical fiber second 



end 26, whereby any discrepancy with temperature set 
point 140 is reflected by an error signal 146. Error signal 
146 does change sign and will be considered positive 
when sensed temperature 144 is less than desired tem- 

5 perature 140 and negative when sensed temperature 
144 is greater than desired temperature 140. It will be 
seen that error signal 146 is provided to a controller 148, 
which, in turn, provides a signal 150 to a power amplifier 
1 52 that adjusts the power to laser diode 1 2. In the pre- 

10 ferred embodiment, control of power for first laser beam 
14 based on temperature set point 140 and feedback 
signal 146 is accomplished via software in main proc- 
essor 30. 

[0027] More specifically, it will be seen from Fig. 10 

15 that controller 148 preferably utilizes a proportional in- 
tegral (PI) control algorithm which includes a proportion- 
al component and an integrator component. The propor- 
tional component is made up of error signal 146 being 
multiplied by a scaling factor Kp indicated by box 154 

20 and the integrator component involves error signal 146 
(also shown mathematically as E(t)) being provided to 
an integrator 156 and multiplied by a scaling factor Kj 
as shown in box 158. It will be understood by those of 
ordinary skill-inihe art that sea ling-factors^ and Kyare 

25 constants which are selected to provide a balance be- 
tween response time, overshoot and accuracy of the fi- 
nal value of temperature, the dynamics of the tissue in- 
volved, and have units of watts/°C. Output signals 160 
and 162 from the proportional component and integrator 

30 component, respectively, are then added in a summing 
device 164 to provide power signal 150. Thus, power 
signal 150 can be represented mathematically by the 
following: 

35 P(t) = K p xE(t) + K i jE(t)dt. 

[0028] It will be appreciated that the integrator com- 
ponent, which sums all error from past performance of 

40 the control algorithm, is preferably utilized only when the 
sensed temperature 144 calculated by main processor 
30 is within a defined control band (e.g., desired tem- 
perature 140 plus or minus 5°C). Accordingly, if sensed* 
temperature 144 is lower than the control band (i.e., less 

45 than desired temperature 140 minus 5°C), then signal 
1 50 from controller 148 provides for power amplifier 1 52 
to supply maximum power (e.g., 1 5 Watts) to laser diode 
12 so as to warm the tissue being treated. By contrast, 
if sensed temperature 144 is higher than the control 

50 band (i.e., more than desired temperature 140 plus 
5°C), then signal 150 from controller 148 provides for 
power amplifier 152 to supply minimum power (e.g., 0 
Watts) to laser diode 12. In this way, the tissue being 
treated is able to cool and return to a temperature within 

55 the control band. It has been learned that laser diode 1 2 
may not reliably produce coherent laser output below 
approximately 2 Watts, so power to laser diode 12 can 
be momentarily turned off in the preferred embodiment 
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to provide a power of less than 2 Watts. It will be noted, 
then, that the integrator component of the control algo- 
rithm has a greater effect as sensed temperature 144 
gets closer to desired temperature 140 and is what gives 
the control algorithm the ability to drive error signal 146 
to zero. 

[0029] In order to prevent integrator wind-up and oth- 
erwise optimize system performance, it is preferred that 
the integrator component of controller 148 be preloaded 
or precharged upon recognition of a transition point at 
either end of the control band so that power signal 150 
remains continuous for one iteration of the control algo- 
rithm. This can be backsolved from the aforementioned 
mathematical equation to be: 

jEWdt^PW-Kp/KjXEW. 

[0030] In this way, power oscillations are avoided dur- 
ing the transition into the lower end of the control band, 
for example, so that a smooth reduction in power signal 
150 occurs accompanied by a sensed temperature 144 4. 
which slightly overshoots desired temperature 140 (but 

stays-within-the control-band)and thenismaintainedat 

such desired temperature 140. Thus, not only does op- 25 
eration of laser treatment system 10 become smoother, 5. 
but the time to reach steady state at desired temperature 
140 is reduced. 

[0031] Having shown and described the preferred 
embodiment of the present invention, further adapta- 30 
tions of the system and method for measuring and con- 
trolling temperature of an optical fiber tip during treat- 
ment by the laser treatment system can be accom- 
plished by appropriate modifications by one of ordinary 
skill in the art without departing from the scope of the 35 6. 
invention. 



Claims 

40 

1 . A method of sensing temperature at an optical fiber 
tip, comprising the following steps: 

(a) positioning a slug of fluorescent material ad- 
jacent said optical fiber tip; 45 

(b) providing an optical stimulus having a wave- 
length within a first predetermined range 
through at least one fiber optically linked to said 
optical fiber tip, wherein a desired optical fluo- so 
rescent response having a wavelength within a 
second predetermined range from said fluores- 
cent slug is generated; 

(c) detecting a signal representative of said op- 55 
tical stimulus; 

(d) detecting a signal representative of said op- 



12 



tical fluorescent response; 



(e) digitally processing said optical stimulus 
signal and said optical fluorescent response 
signal to determine a phase difference therebe- 
tween; and 

(f) calculating a temperature for said optical fib- 
er tip as a function of said phase difference. 

The method of claim 1 , wherein said fluorescent 
slug is comprised of a class of temperature depend- 
ent fluorescent materials including chromium- 
doped garnets, semiconductor-doped glasses, and 
phosphors. 

The method of claim 1 , wherein said optical stimu- ' 
lus signal and said optical fluorescent response sig- 
nal are sinusoids having a predetermined frequen- 
cy. 

The method of claim 1 , further comprising the step 
of calibrating said phase difference prior to said cal- 
culating-step: : : 

The method of claim 4, said calibrating step further 
comprising: 

(a) detecting said optical stimulus directly to es- 
tablish a normalized signal thereof; and 

(b) adjusting said detected optical stimulus sig- 
nal according to said normalized signal. 

The method of claim 1 , further comprising the step 
of filtering said optical fluorescent response within 
said second predetermined wavelength range. 

The method of claim 1 , further comprising the step 
of maintaining said optical fiber tip temperature 
within a specified range. 

The method of claim 1 , further comprising the step 
of comparing said optical stimulus signal and said 
optical fluorescent response signal directly to deter- 
mine the phase difference therebetween. 

The method of claim 1, further comprising the fol- 
lowing steps: 

(a) providing a reference signal; 

(b) determining a first phase difference be- 
tween said reference signal and said optical 
stimulus signal; 

(c) determining a second phase difference be- 
tween said reference signal and said optical flu- 
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(d) determining the difference between said 
first phase difference and said second phase 
difference. 

10. A laser system, comprising: 

(a) a laser for providing a laser beam having a 
wavelength within a first predetermined range; 

(b) at least one optical fiber having a first end 
in optical communication with said laser beam 
and a second end through which said laser 
beam is transmitted; 

(c) a slug of fluorescent material positioned ad- 
jacent said second end of said optical fiber; 



(d) a light source for providing an optical stim- 
ulus having a wavelength within a second pre- 
determined range to said fluorescent slug, 
wherein a desired optical fluorescent response 
-having- a-wavelength~within a -third -predeter- 
mined range from said fluorescent slug is gen- 
erated; 



15. 



maintain said temperature of said optical fiber sec- 
ond end within a specified range. 

, The laser system of claim 10, wherein said fluores- 
cent slug is substantially transparent to light within 
said first predetermined wavelength range. 
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(e) a detector for detecting said optical fluores- 
cent response; 

(f) a device for receiving a first signal represent- 
ative of said optical stimulus and a second sig- 
nal representative of said optical fluorescent re- 
sponse; and 

(g) a processor for determining a phase differ- 
ence between said first and second signals, 
wherein the temperature of said optical fiber 
second end is determined as a function of said 
phase difference. 

11. The laser system of claim 10, wherein said fluores- 
cent slug is comprised of a class of temperature de- 
pendent fluorescent materials including chromium- 
doped garnets, semiconductor-doped glasses, and 
phosphors. 

12. The laser system of claim 10, further comprising a 
device for providing a sinusoidal input to said light 
source, wherein said first and second signals have 
a corresponding sinusoidal form. 

13. The laser system of claim 10, further comprising a 
device for filtering said optical fluorescent response 
within said third predetermined wavelength range. 

14. The laser system of claim 10, wherein said proces- 
sor controls a power output from said laser so as to 
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16. The laser system of claim 10, further comprising a 
port in a housing for said laser system, wherein said 
light source is able to be in direct optical communi- 
cation with said detector for calibration purposes. 

17. An optical thermometry system, comprising: 

(a) an optical fiber having a first end for receiv- 
ing light and a second end for transmitting said 
light; 

(b) a slug of fluorescent material positioned ad- 
jacent said optical fiber second end; 

(c) a light source for providing an optical stim- 
ulus through said optical fiber to said fluores- 

cent slug-murder to generate a desired-optical 

fluorescent response therefrom; 

(d) a detector for detecting said optical fluores- 
cent response; and 

(e) a device for receiving a first signal repre- 
sentative of said optical stimulus and a second 
signal representative of said optical fluorescent 
response; and, 

(f) a processor to" determine a phase difference 
between said first and second signals. 



1 8. The optical thermometry system of claim 17, where- 
in said optical stimulus signal and said optical fluo- 

40 rescent response signal is a sinusoid. 

19. The optical thermometry system of claim 17, said 
device further providing a reference signal, wherein 
said phase difference between said optical stimulus 

45 signal and said optical fluorescent response signal 
is a function of a first phase difference between said 
reference signal and said optical stimulus signal 
and a second phase difference between said refer- 
ence signal and said optical fluorescent response 

50 signal. 

20. The optical thermometry system of claim 17, where- 
in said fluorescent slug is comprised of a class of 
temperature dependent luminescent materials in- 

55 eluding chromium-doped garnets, semiconductor- 
doped glasses, and phosphors. 

21 . The optical thermometry system of claim 17, further 
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comprising a port in a housing for said system, 
wherein said light source is able to be in direct op- 
tical communication with said detector for calibra- 
tion purposes. 

22. A method of maintaining temperature of an optical 
fiber tip in a laser system at a desired temperature, 
comprising the following steps: 

(a) processing specified light signals to deter- 
mine a temperature for said optical fiber tip as 
a function thereof; 

(b) comparing said determined temperature for 
said optical fiber tip to said desired tempera- 
ture; 

(c) generating an error signal as a function of 
any difference between said determined tem- 
perature and said desired temperature; and 



(d) controlling power output to a laserdiode of 
said laser system in accordance with said error 
-signal: 



during said transition. 

30. A system for maintaining temperature of an optical 
fiber tip in a laser system at a desired temperature, 
5 said laser system including a laser diode for provid- 
ing a laser beam to said optical fiber tip, comprising: 



(a) a processor for determining a temperature 
for said optical fiber tip as a function of specified 
light signals detected in said laser system; 
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23. The method of claim 22, further comprising the step 
of determining whether said determined tempera- 
ture is within a defined control band for said desired 
temperature having an upper limit and a lower limit. 

24. The method of claim 23, wherein a maximum power 
output is provided to said laserdiode when said de- 
termined temperature is less than said lower limit 
for said control band. 

25. The method of claim 23, wherein a minimum power 
output is provided to said laserdiode when said de- 
termined temperature is greater than said upper 
limit for said control band. 

26. The method of claim 23, wherein said power output 
to said laserdiode is a function of a proportional 
component and an integrator component when said 
determined temperature is within said control band. 

27. The method of claim 26, said proportional compo- 
nent of said power output being the product of said 
error signal and a proportional scaling factor. 

28. The method of claim 26, said integrator component 
of said power output being the product of an inte- 
grator scaling factor and each said error signal in- 
tegrated over time. 

29. The method of claim 28, said integrator component 
being preloaded upon said determined temperature 
transitioning into said control band so that said pow- 
er output to said laserdiode remains continuous 



(b) a power amplifier for supplying power to said 
laser diode; and 

(c) a controller for providing a power output sig- 
nal to said power amplifier, said controller con- 
taining an algorithm for calculating said power 
output signal which is a function of an error sig- 
nal generated by a comparison of said deter- 
mined temperature and said desired tempera- 
ture. 

31 . The system of claim 30, wherein said controller pro- 
vides a power output signal so~tfi¥t a maximum pow- 
er is supplied to said laser diode by said power am- 
plifier when said determined temperature is less 
than a lower limit of a defined control band for said 
desired temperature. 

30 32. The system of claim 30, wherein said controller pro- 
vides a power output signal so that a minimum pow- 
er is supplied to said laser diode by said power am- 
plifier when said determined temperature is greater 
than an upper limit of a defined control band for said 

35 desired temperature. 

33. The system of claim 30, wherein said algorithm is a 
function of a proportional component and an inte- 
grator component when said determined tempera- 

4 o ture is within a defined control band for said desired 
temperature. 

34. The system of claim 33, said proportional compo- 
nent of said algorithm being a product of said error 

45 signal and a proportional scaling factor. 

35. The system of claim 33, said integrator component 
of said algorithm being a product of an integrator 
scaling factor and each said error signal integrated 

50 overtime. 

36. The system of claim 35, said integrator component 
being preloaded upon said determined temperature 
transitioning into said control band so that power 

55 supplied to said laser diode remains continuous 
during said transition. 
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